The objective of this study was to examine interactions between climatic factors, parity, and weaning-to-first-mating interval (WMI) for total number of pigs born at subsequent parity (TPB) of female pigs serviced during 2 seasons. The present study analyzed records of 27,739 gilts and 127,670 parity records of sows in 95 Japanese herds; the records included females that were serviced between June and September (hot and humid season) or between December and March (cold season) in 2007 through 2009. The climate data were obtained from 20 weather stations located close to the studied herds. Mean daily maximum temperatures (Tmax), mean daily minimum temperatures (Tmin), and mean daily average relative humidity (ARH) for 21 d preservice and 15 d postservice for each female were coordinated with that female's reproductive data. Linear regression models with random intercept and slopes were applied to the data. Mean TPB (±SEM) was 11.9 ± 0.01 pigs. Mean values (ranges) of Tmax in the hot and humid season and Tmin in the cold season were 28.4 (13.6 to 39.8°C) and 2.0°C (-13.2 to 17.6°C), respectively. Also, mean ARH in the hot and humid season and the cold season were 73.2 (35 to 98%) and 65.2% (25 to 99%), respectively. In the hot and humid season, TPB in gilts decreased by 0.05 pigs for each degree Celsius increase in preservice Tmax (P < 0.05). However, there was no association between gilt TPB and either postservice Tmax (P = 0.11) or pre-and postservice ARH (P ≥ 0.66). In sows, as preservice Tmax increased from 25 to 30°C, TPB in parity groups 1 and 2 or higher decreased by 0.6 and 0.4 pigs, respectively (P < 0.05). Also, sow TPB decreased by 0.1 to 0.4 pigs as postservice Tmax increased from 25 to 30°C (P < 0.05). In sows with WMI of 0 to 12 d, TPB decreased by 0.2 to 0.5 pigs as pre-or postservice Tmax increased from 25 to 30°C (P < 0.05). However, in sows with WMI of 13 d or more, TPB was not associated with pre-or postservice Tmax (P ≥ 0.10). As preservice Tmax increased from 25 to 30°C, TPB in sows under 81.6% ARH (90th percentile) decreased by 0.5 pigs (P < 0.05), whereas TPB in sows under 65.7% ARH (10th percentile) decreased by only 0.3 pigs (P < 0.05). Postservice ARH in the hot and humid season was not associated with sow TPB (P = 0.18). During the cold season there was no association between TPB and pre-or postservice Tmin (P ≥ 0.09) or ARH (P ≥ 0.45). Therefore, we recommend that producers apply cooling management for females during periservice in summer to increase TPB.
INTRODUCTION
Swine reproduction can be affected by local climatic factors. One of the consequences of heat stressed female pigs is a reduction in the total number of pigs born at subsequent parity (TPB; Bertoldo et al., 2012; Lopes et al., 2014) . The exposure of gilts to heat stress for 1 estrous cycle before service or in early gestation reduced the number of corpora lutea (Teague et al., 1968) or increased embryonic mortality (Omtvedt et al., 1971) . Also, recent studies have shown that high ambient temperature and humidity (measured at nearby meteorological stations or at herds) before service or in early gestation decreased sow TPB (Suriyasomboon et al., 2006; Bloemhof et al., 2008 Bloemhof et al., , 2013 . Therefore, we have hypothesized that modern sows are still sensitive to high temperatures, although reproductive performance of sows substantially increased in 1990s (Brown-Brandt et al., 2004) . No associations between TPB and pre-or postservice temperatures and humidity have been separately quantified in commercial herds in either humid subtropical climate zones or humid continental climate zones. Additionally, information about the effect of cold season climatic factors on reproduction is limited.
Not only climatic factors have an impact on decreased TPB, but also many other factors have a negative effect on TPB. For instance, decreased TPB has been associated with an earlier age of gilts at first mating, lower parity, or a weaning-to-first-mating interval (WMI) of 7 to 12 d (Schukken et al., 1994; Koketsu and Dial, 1998; Takai and Koketsu, 2008) . However, no studies have examined interactions between such production factors and climatic factors in relation to the TPB. Therefore, the objective of this study was to examine interactions between the associations of pre-or postservice climatic factors and production factors for TPB in female pigs serviced during either hot and humid or cold seasons.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from the existing PigCHAMP database (Meiji University, Kawasaki, Japan). The database was created in the following manner. Since 2001, all producers using PigCHAMP (PigCHAMP, Ames, IA) have been requested to mail their data files to the School of Agriculture, Meiji University every time they renewed their yearly maintenance contract (Koketsu, 2007) .
Herds
One hundred eleven pig producers with 103 breeding herds or 8 fattening pig herds in Japan that use the PigCHAMP recording system (PigCHAMP, Ames, IA) were requested to mail their data files to Meiji University in 2010. By August 31, 2010, data files were received from 103 breeding herds. Two of these herds were excluded from the present study because the herds were producing only purebred pigs. Additionally, 6 herds were excluded because these herds performed natural matings only. Hence, data were analyzed from 95 herds.
The 95 commercial breeding herds were located throughout Japan from northern and southern areas. Natural or mechanical ventilation was used in the farrowing, breeding, and gestation barns of these herds. Lactation and gestation diets were formulated using imported corn and soybean meal. Double or triple inseminations of females during an estrous period are recommended in breeding management. Females in these herds were mainly crossbreds between Landrace and Large White, which were either purchased replacement gilts from national or international breeding companies or were replacement gilts home produced through internal multiplication programs using grandparents purchased from national or international breeding companies. In this study, we categorized all herds into 2 groups based on the original supplier, either national or international breeding companies. The breeding stocks in the national breeding companies were originally imported from the United States or Europe during the latter half of the 20th century and have been improved in Japan.
Data for herd size and pigs weaned per mated female per year were abstracted from the 95 herd data files for three 1-yr periods from 2007 to 2009. Mean (±SEM) herd size was 443 ± 60.5 females, with a range between 50 and 3,640 females. Also, mean pigs weaned per mated female per year was 22.6 ± 0.19 pigs, with a range between 15.8 and 26.4 pigs.
Reproductive Performance Data and Exclusion Criteria
A gilt is defined as a female pig that has entered a herd but has not yet farrowed, and a sow is a female pig that has farrowed at least once (PigCHAMP, 1996) . Data for gilts and sows serviced between June and September (hot and humid season) and between December and March (cold season) in 2007, 2008, and 2009 and that then farrowed were extracted from the PigCHAMP recording system. These two 4-mo periods comprise the hot and humid season and the cold season in Japan, respectively. There were relatively few reserviced female data and so these data were not used (2,958 gilt records and 8,474 sow parity records). The initial data set contained records of 28,891 gilts and 131,189 parity records of 57,937 sows in the 95 herds. Of the sows serviced in the hot and humid or cold seasons, 37,121 had records in both seasons.
Excluded data were gilts having no records of age at first mating (1,111 records). Also, gilt records with age at first mating either 159 d or earlier or 401 d or later were considered as extreme (27 records; Hoving et al., 2011) and these data were excluded. In the sow records, excluded data were records having no records of WMI or lactation length (59 records). Further records were excluded for sows with lactation length of 0 to 13 d (1,273 records) because they were likely to have poor reproductive performance (Xue et al., 1993) . Also, records of sows with lactation length of 30 d or longer (1,878 records) were excluded because the sows might have been used as nurse sows. Additionally, records of sows with WMI of 61 d or more (282 records) were excluded as extreme based on a previous report (Tummaruk et al., 2010) and on guideline values of a culling interval of about 50 d for unmated parity 1 to 3 sows in these studied herds (Sasaki and Koketsu, 2012) . Finally, female records with 0 TPB was also excluded (14 gilt records and 27 parity records of sows). Hence, the data included 14,695 gilts serviced in the hot and humid season and 13,044 gilts serviced in the cold season. Also, the sow data had 66,306 parity records sows serviced in the hot and humid season and 61,364 parity records of sows serviced in the cold season.
Sow records were categorized into 2 parity groups (parity 1 and parity 2 or higher) and also into 3 WMI groups: WMI of 0 to 6 d, WMI of 7 to 12 d, and WMI of 13 d or more. The WMI groups were chosen based on a previous report (Takai and Koketsu, 2008) .
Climate Data
Daily maximum temperatures, daily minimum temperatures, and daily average values of relative humidity data from 2007 to 2009 were downloaded from climate statistics of 20 weather stations of the Japan Meteorological Agency (2014). The weather stations were located in the prefectural government office cities of the 20 prefecture districts where the studied herds were located. The weather stations were located between 20 to 45°N and 136 to 148°E, and based on the Köpper climate classification (Peel et al., 2007) , the herds were located in either humid subtropical climate zones (91 herds) or humid continental climate zones (4 herds). Mean (±SEM) distance from each herd to the relevant weather station was 44.3 ± 2.72 km, ranging from 1 to 110 km. Mean daily maximum temperatures (Tmax), mean daily minimum temperatures (Tmin), and daily average relative humidity (ARH) for 21 d preservice and 15 d postservice of each female were coordinated with respective performance data from the PigCHAMP recording system. These periods were chosen because previous reports indicated that the climatic conditions during the periservice are critical for TPB. Elevated temperature during a 21-d estrus cycle preservice was reported to decrease ovulation rate of gilts (Teague et al., 1968) . Also, heat stress during the 15 d postservice was reportedly detrimental to the number of viable embryos of females (Edwards et al., 1968) . Furthermore, a recent study also showed that heat stress during a similar period had the largest effect on TPB (Bloemhof et al., 2013) .
Statistical Analysis
All statistical analyses were conducted using MLwiN software (MLwiN 2.29; Rasbash et al., 2012) . A mixed effects model was used to account for the clustering of gilts within a herd and also the clustering of parity records within a sow and sows within a herd. A multilevel linear regression model was applied for the outcome variable, that is, TPB. Parameter estimation was done using the iterative generalized squares (IGL) algorithm in MLwiN. In the present study, the number of pigs born alive was not chosen as an outcome variable because the number of pigs born alive depends on the occurrence and the number of stillborn piglets and TPB (Dial et al., 1992) .
Two statistical models were constructed, one for gilts and the other for sows, to quantify the associations between TPB and pre-or postservice climatic factors during the hot and humid seasons. The models included the following factors as fixed effects: pre-or postservice Tmax and ARH, gilt supplier groups, and a block of serviced year. Pre-and postservice climatic factors were included in separate models because a high correlation was found between those factors in preliminary analysis (0.52 ≤ r ≤ 0.75, P < 0.05). Also, the gilt model included age at first mating, and the sow model included parity groups, WMI groups, and a covariate of lactation length. In addition, 2 other models were constructed to examine whether or not climatic factors during cold seasons were associated with TPB; pre-or postservice Tmin and ARH were included in these cold season models as climatic factors. All the continuous explanatory variables were centered at their grand mean values. All the models included the herd as a random intercept and the individual record as a random error term. Also, the sow nested within the herd was added as a random intercept in the sow models. In addition, random slope effects of the climatic factors at herd level were tested and were removed if the herd variances were not significant (likelihood ratio test, P ≥ 0.05). For example, the equation for sows took the form
, and
in which y ijk is TPB; x 0 is a constant; X ijk and X k are fixed effects at levels 1 and 3, respectively; β k represents that the coefficients of fixed effects vary from herd to herd, in which level 1 (i) is the individual record, level 2 (j) is the sow, and level 3 (k) is the herd; v k , u jk , and e ijk are random effects at levels 3, 2, and 1, respectively; and these are assumed to take normal distributions. The quadratic and cubic expressions of factors and 2-way interactions between the fixed effects were examined, and all nonsignificant expressions and interactions (Wald's test, P ≥ 0.10) were eliminated. Normality of the residuals in each of the final models was evaluated by using the normal-probability plots.
Intraclass Correlation Coefficient
To assess the variations in TPB that could be explained by the herd or sow, the intraclass correlation coefficients (ICC) were calculated by the following equations (Dohoo et al., 2009) 
RESULTS
Mean TPB (±SEM) in this study was 11.9 ± 0.01 pigs. Descriptive statistics of gilts and sows in the hot and humid season and cold season are shown in Table 1 . Mean values (ranges) of daily maximum temperatures in the hot and humid season and daily minimum temperatures in the cold season were 28.4 (13.6 to 39.8°C) and 2.0°C (-13.2 to 17.6°C), respectively. Also, the respective mean values of daily temperature ranges were 7.8 (0.8 to 20.9°C) and 8.4°C (0.9 to 21.8°C). Additionally, mean values of daily average relative humidity in the hot and humid or cold seasons were 73.2 (35 to 98%) and 65.2% (25 to 99%), respectively. Table 2 shows variability of the climatic data between 2007 and 2009.
During the hot and humid season, there was a negative association between preservice Tmax and gilt TPB (P < 0.05; Table 3 ). The gilt TPB linearly decreased by Table 3 ). However, there was no association between gilt TPB and either postservice Tmax (P = 0.11) or ARH during pre-and postservice (P ≥ 0.66; Table 3 ). Also, a positive association was found between age at first mating and gilt TPB (P < 0.01; Table 3 ). The TPB nonlinearly increased by 0.2 pigs as age at first mating increased from 240 to 280 d old (P < 0.05; Table 3 ). In addition, gilts in herds from international breeding companies had 0.8 pigs greater TPB than those in herds from national breeding companies (P < 0.05; Table 3 ). However, no 2-way interactions between preservice Tmax and either age at first mating (P = 0.68) or gilt supplier groups (P = 0.31) were found for the gilt TPB. For sows, there were negative associations between TPB and pre-or postservice Tmax or preservice ARH (P < 0.05; Table 4 ). However, no association was found between postservice humidity and sow TPB in the hot and humid season (P = 0.18; Table 4 ). Parity 1 sows had 1.0 pigs fewer TPB than parity 2 or higher sows (P < 0.05). Also, sows with WMI of 7 to 12 d had 0.6 to 0.8 pigs fewer TPB than sows with WMI of 0 to 6 d (P < 0.05) and had 0.9 to 1.1 pigs fewer TPB than sows with WMI of 13 d or more (P < 0.05). However, no difference was found between the 2 gilt supplier groups for sow TPB in the hot and humid season (P ≥ 0.24).
There were positive 2-way interactions between preor postservice Tmax and parity 2 or higher groups for TPB in sows serviced in the hot and humid season (P < 0.05; Table 4 ). As preservice Tmax increased from 25 to 30°C, TPB in parity 1 and parity 2 or higher sows nonlinearly decreased by 0.6 and 0.4 pigs, respectively (P < 0.05; Fig. 1 ). Also, TPB in parity 1 and parity 2 or higher sows nonlinearly decreased by 0.4 and 0.1 pigs, respectively, as postservice Tmax increased from 25 to 30°C (P < 0.05; Fig. 2) .
Two-way interactions between pre-and postservice Tmax and WMI groups were found for sow TPB (P < 0.05; Table 4 ). In sows with WMI of 0 to 6 and 7 to 12 d, decreased TPB was associated with pre-and postservice Tmax (P < 0.05), but there was no such association in sows with WMI of 13 d or more (P ≥ 0.10). As pre-and postservice Tmax increased from 25 to 30°C, TPB of sows with WMI of 0 to 6 d nonlinearly decreased by 0.5 and 0.2 pigs, respectively (P < 0.05; Fig. 3 and 4) . Similarly, for sows with WMI of 7 to 12 d, the same increases in pre-and postservice Tmax nonlinearly decreased TPB by 0.3 and 0.2 pigs, respectively (P < 0.05).
There was a negative 2-way interaction between preservice Tmax and ARH for sow TPB (P = 0.09; Table 4 ). As preservice Tmax increased from 25 to 30°C, TPB in sows exposed to 81.6% ARH (90th percentile) nonlinearly decreased by 0.5 pigs (P < 0.05), whereas those in sows exposed to 65.7% ARH (10th percentile) nonlinearly decreased by 0.3 pigs (P < 0.05; Fig. 5 ). In contrast, TPB in sows experiencing either 32.2 or 23.8°C Tmax (90th and 10th percentiles) during preservice linearly decreased by 0.4 and 0.2 pigs, respectively, as preservice ARH increased from 65 to 80% (P < 0.05; Fig. 6 ).
During the cold season there was no association between TPB and pre-or postservice Tmin (P ≥ 0.09) or ARH (P ≥ 0.45) in any parity females or sows with any WMI. Also, no associations were found between TPB and the 2 gilt supplier groups for gilts and sows serviced in the cold season (P ≥ 0.05).
In random slope models tested, significant slope variance was found for the effects of pre-or postservice Tmax on sow TPB in the hot and humid season (P < 0.05; Table 4 ). However, nonsignificant slope variances were found for the effects of preservice Tmax on gilt TPB (P = 0.11) and preservice ARH on sow TPB (P = 0.26). With regard to the ICC, the herd effect on the intercept and slope explained 2.5 to 3.6% of the total variation for TPB in females serviced during both seasons. In addition, the sow effect on the intercept explained 23.3 to 26.7% of that for sow TPB.
DISCUSSION
The present study shows that high climatic temperature around the time of service events is a critical factor for decreased female TPB in commercial herds in either humid subtropical climate zones or humid continental climate zones. High ambient temperature has been reported to decrease TPB either by acting directly on ovarian function or via the hypothalamic pituitary axis by affecting estrus, ova, implantation of embryos, and embryo survival (Tantasuparuk et al., 2000; Hansen et al., 2001; Bertoldo et al., 2012) . Also, reduced boar fertility or sperm quality in summer would contribute to reduction in TPB (Kunavongkrit et al., 2005) . Furthermore, our study showed a more accentuated negative effect of Tmax on TPB in parity 1 sows than in parity 2 or higher sows. Voluntary feed intake of lactating parity 1 sows is commonly insufficient to meet nutrient demands for maintenance, milk production, and body growth (Noblet et al., 1990) . Therefore, lactational feed intake under heat stress would be much lower in parity 1 sows than the amount of feed necessary for these growing young sows.
In our study, sows with WMI of 7 to 12 d had lower TPB than sows with WMI of 0 to 6 d at all Tmax in both pre-and postservice. Lower TPB in sows with WMI of 7 to 12 d has been found to be related with lower parity and their nutritional conditions in lactation (Koketsu et al., 1996a) . In addition, the lack of any association between Tmax and TPB for sows with WMI of 13 d or more in our study suggests that sows with prolonged WMI are less sensitive to high temperatures around the time of service events. Furthermore, it also suggests that sows with prolonged WMI have greater TPB than those with WMI of 12 d or less because they have enough time for adequate repair of the endometrium (Koketsu and Dial, 2002) or could have time to reconstitute their body reserves.
Our study indicates that the reduction of TPB was more accentuated at higher preservice Tmax. Preservice stress appeared to be more important than postservice stress. These results indicate the necessity for introducing cooling systems (e.g., evaporative cooling systems, chilled drinking water, or floor cooling systems) starting from the preservice period. These cooling systems have effectively reduced high body temperature and respiratory rate of females (Jeon et al., 2006; Silva et al., 2009) , and such management systems should be implemented to increase feed intake during lactation (de Oliveira Júnior et al., 2011) and to manage the direct negative effect of high temperatures on follicular growth in sows (Lopes et al., 2014) . Decreased feed intake decreases LH secretion during lactation (Koketsu et al., 1996b) , which would result in restricted follicle growth during lactation and affect follicle development after lactation (Bloemhof et al., 2008) .
Our study has clearly shown that high ARH worsens the negative influence of high Tmax on sow TPB, and there is a larger effect of ARH on TPB in sows under higher ambient temperatures. Also, it should be noted that these as- sociations were found only in preservice periods for sows. Some of the sows might have consumed less lactational feed due to the high temperature and humidity, and this led to decreased TPB. The negative effect of high ambient temperature on sow feed intake at high humidity has been emphasized in French and Dutch studies (Renaudeau et al., 2003; Silva et al., 2009; Bergsma and Hermesch, 2012) . However, in our study we found no association between gilt TPB and high ARH. Additionally, there was no association between gilt TPB and postservice Tmax. The lack of associations between these factors and gilt TPB can be explained by a common recommendation for gilt development in swine production to ensure that gilts have adequate body reserves before service (Whitney and Masker, 2010) .
The effect of cold season temperatures on TPB remains controversial (Swierstra and Rahnefeld, 1972; Akos and Bilkei, 2004) . Our present study indicates that TPB is not greatly influenced by cold stress around the time of service events, either in humid subtropical climate zones or humid continental climate zones.
Finally, in the present study, the relatively low ICC of 2.5 to 3.6% for herd variance indicates that there were few unexplained effects of the herd on the TPB. However, our study showing a significant slope variance of Tmax on sow TPB, but not on gilt TPB, still indicates that sow management varied among herds but gilt management did not. Also, the ICC for sow variance indicates that 23.3 to 26.7% of the total residual variation is attributable to differences between sows, which is consistent with a previous study showing that the repeatability of TPB was between 20.0 and 24.0% (Le Cozier et al., 1997) .
There are some limitations that should be noted when interpreting the results of this study. This study was an observational study performed using commercial herd data and climate data recorded at meteorological stations. Herd health, nutrition, genotype, and boar fertility or service sire effects were not taken into account in the analyses. However, even with such limitations, this research provides valuable information about the quantitative relationship between climate factors and TPB for swine producers and veterinarians. In addition, although this study did not collect herd temperature or the relative humidity in the commercial herds' breeding houses, a previous study showed that changes in the air temperature of farrowing houses were closely related to changes in external air temperature (Odehnalová et al., 2008) .
In conclusion, our study implies that heat stress around the time of services decrease TPB, and we recommend that producers apply cooling management for females in summer starting from the preservice period to increase TPB. Figure 6 . Predicted effects of preservice relative humidity on subsequent total pigs born of sows serviced from June to September under 23.8 or 32.2°C mean daily maximum temperature (Tmax; 10th or 90th percentiles; dotted lines show 95% confidence intervals). The other fixed effects were set at average values. Actual values are not shown because sows with 10th or 90th percentiles of Tmax were used. Figure 5 . Predicted effects of preservice maximum temperature on subsequent total pigs born of sows serviced from June to September under 65.7 or 81.6% daily average relative humidity (ARH; 10th or 90th percentiles; dotted lines show 95% confidence intervals). The other fixed effects were set at average values. Actual values are not shown because sows with 10th or 90th percentiles of ARH were used.
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